Reaction of aromatic hydrocarbons catalyzed by a novel catalytic system consisting of zinc chloride, acetic acid, sulfuric acid and PEG-800 in aqueous media under PTC conditions results in chloromethylation in good to excellent yield.
INTRODUCTION
Chloromethylation of aromatic hydrocarbons was a very widely used reaction for well over half a century, both on a laboratory and industrial scale, and has been widely applied in synthesis of a variety of fine or special chemicals such as pharmaceuticals, agrochemicals, dyes, flavors and fragrances, monomers, additives, etc . The reaction of aromatic hydrocarbons with hydrochloric acid and trioxane or paraformaldehyde as a formaldehyde precursor gave chloromethylated products without a catalyst, although the rate is slow and not enough for practical chemical process [4] [5] [6] [7] [8] [9] . Lewis acids such as zinc chloride, stannic chloride, aluminum chloride, and boron trifluoride are well-known and excellent catalysts for the reaction [10] [11] [12] [13] [14] [15] . Among these acids, zinc chloride is an effective catalyst in hydrochloric acid solution 5,10-12 , however, a large amount of catalyst against to substrate is required to obtain a reasonable product yield. These catalysts, in general, suffer from the inherent problems of tedious workup procedures, corrosiveness, high susceptibility to water, difficulty of catalyst recovery, environmental hazards, etc. Kishida et al. proposed rare earth metal triflates, particularly Sc(OTf) 3 , as the effective catalyst to synthesize chloromethylated hydrocarbons 16, 17 , but the rare earth metal triflates are expensive and thus not suitable for industry. The use of ionic liquids [18] [19] [20] and surfactant micelles 21 as catalysts for the chloromethylation of aromatic hydrocarbons were also reported, these procedures, however, are invariably associated with certain limitations such as the expensive costs of ionic liquids, particularly [emim]BF 4 (1-ethyl-3-methylimidazolium tetrafluoroborate), and the difficulty of catalyst recovery when use surfactant micelles, which impeded the use for practical chemical processes. So, it is important to develop environmentally conscious catalysts with high activity and reasonable prices for the chloromethylation of aromatic hydrocarbons.
Phase transfer catalysis (PTC) is a versatile synthetic technique of rate enhancement of a reaction between chemical species located in different phases (immiscible liquids or solid and liquid) by addition of a small quantity of an agent (phase transfer catalyst) that extracts one of the reactants, most commonly an anion, across the interface into the other phase so that reaction can proceed. By using a PTC process, one can achieve faster reactions, obtain higher conversions or yields, make fewer byproducts, eliminate the need for expensive or dangerous solvents which dissolve all the reactants in one phase, eliminate the need for expensive raw materials and/or minimize waste problems. At present, phase transfer catalysis has been applied in various organic synthesis [22] [23] [24] [25] [26] [27] [28] . The chloromethylation of aromatic hydrocarbons using strong acids has been proposed by some workers 2,29-31 , however, the systematic works on their catalytic properties, such as activity and have not been clarified yet. In this paper, we devise a novel catalytic system (H 2 SO 4 /AcOH/ZnCl 2 / PEG-800) for the chloromethylation of aromatic hydrocarbons in aqueous media under PTC conditions (Scheme 1), we found that the catalytic system is active for the chloromethylation and that it is an environmentally conscious catalytic system.
Scheme 1 Chloromethylation of aromatic hydrocarbons

RESULTS AND DISCUSSION
In a preliminary study, the chloromethylation of toluene was carried out in oil-water biphasic system in the presence and absence of PEG-800 at 50°C. As shown in Table 1 , in the absence of PEG-800, the chloromethylation proceeded not well and the conversion was only 70% ( Table 1 , entry 1) after 12 h. Using PEG-800 (5 mmol) as phase transfer catalyst, under the same conditions, the conversion reached in a higher 80% (Table 1, entry 2) in a shorter time (8 h). However, further addition the amount of PEG-800, under the same conditions, the conversion was not enhanced significantly ( Table 1 , entries 6 and 7). Besides PEG-800, we also tried to use another types of phase transfer catalysts such as PEG-200, PEG-400 and PEG-600 in the reaction. However, the conversions were 74%, 76%, and 79% respectively (Table1, entries 3-5). Thus, based on the results obtained, the best phase transfer catalyst is PEG-800. Figure 1 shows the influences of the concentration of sulfuric acid on the chloromethylation at 50°C. In the absence of sulfuric acid (i.e. the concentration of sulfuric acid is zero), the chloromethylation reaction proceeded very slowly, only 7% conversion was obtained after 8 h, and the increase in the concentration of sulfuric acid enhanced the catalysis. The conversion reached maximum at the 50% sulfuric acid, however, it decreased with further increase of the concentration of sulfuric acid. Figure 2 shows the influences of the volume ratio of AcOH and 50%H 2 SO 4 on the reaction. In the absence of acetic acid, the chloromethylation reaction proceeded not well, only 56% conversion was obtained after 8 h, and the increase in the amount of acetic acid (i.e. the volume ratio increased) enhanced the catalysis, the conversion reached maximum at 0.5 of the ratio. However, the conversion decreased slowly with further increase in the amount of acetic acid. One possibility for the role of acetic acid may be due to the enhancement of solubility to prompt the contact of paraformaldehyde with toluene by the solvation, however, further studies are necessary for the clarification of the mechanism. In addition, the catalytic system could be typically recovered and reused for subsequent reactions (Figure 3 ). The recycling process involved the product layer (upper layer) was extracted with methylene chloride and the catalytic system layer (under layer) was concentrated to remove water produced in the reaction through water knockout drum. Fresh subtrates were then recharged to the recovered catalytic system and the mixture was heated to react once again, and only 5.0% loss of weight was observed after 6 times recycling. Figure 3 Repeating reactions using recovered catalytic system. Reaction conditions: toluene (0.1 mol), paraformaldehyde (0.105 mol), recovered catalytic system (ZnCl 2 /AcOH/50%H 2 SO 4 /PEG-800), anhydrous hydrogen chloride gas (10 mL/min), 50 °C, 8 h.
With these results in hand, we subjected other aromatic hydrocarbons to the chloromethylation reactions, and the results are listed in Table 2 . Various aromatic hydrocarbons were efficiently converted to the corresponding chloromethylated product in good to excellent isolated conversion using the catalytic system ( Table 2 , entries 1-11). The aromatic hydrocarbons such as toluene, ethylbenzene, xylene, cumene, 4-methylphenoxide, tertbutylbenzene and tetrahydronaphthalene gave products in higher conversions under milder reaction conditions ( Table 2 , entries 2-10) than that of benzene ( Table 2 , entry 1) and biphenyl (Table 2, entry 11), which was attributed to the electrondonating effect of alkyl group, that may be explains why they showed more active for the reactions. While in the case of chlorobenzene and benzoic acid for the chloromethylation, we did not obtain satisfactory results, even under more drastic reaction conditions, chloromethylation of benzoic acid gave no corresponding product (Table 2, entry 12) and the conversion of the chloromethylation of chlorobenzene was merely 3% ( Table 2 , entry 13). The excellent catalytic abilities of the catalytic system suggest the chloromethylation reaction among aromatic hydrocarbons, formaldehyde, zinc chloride, acetic acid, sulfuric acid and PEG-800 has a particular mechanism. Scheme 2 shows a plausible mechanistic pathway for the chloromethylation of aromatic hydrocarbons. Before the chloromethylation, there exists an obvious oil-water biphasic system, and the under layer (water phase) consists of zinc chloride, acetic acid, sulfuric acid and formaldehyde, the upper layer (oil phase) is the substrate (aromatic hydrocarbon), and PEG-800 exists between the two phases. During the process of chloromethylation, the oil-water biphasic system disappeares and a homogeneous reaction medium is formed by phase transfer catalysis. It is considered that the activation of formaldehyde is a first step for the enhancement of the chloromethylation 18, 21 . Firstly, depolymerization of paraformaldehyde by acid catalysis of hydrochloric acid yields formaldehyde which reacts with proton (H + ) to yield hydroxymethyl cation ( + CH 2 OH) and the electrophilic substitution reaction mainly occurs by subsequent attack of the + CH 2 OH on benzene ring of aromatic hydrocarbons to give aromatic carbinol; then the resulting alcohol under the action of acid gives a benzyl carbonium ion and water very rapidly; finally, the benzyl carbonium ion reacts with anions Clto yield the desired products. Afer the completion of the reaction, a complete phase-separation is formed again after being cooled to room temperature, the upper layer of the product, was removed by extraction with methylene chloride and the catalytic system, containing zinc chloride, acetic acid, sulfuric acid and PEG-800, was concentrated to remove water produced in the reaction through water knockout drum and then recycle.
Scheme 2. Plausible mechanism of chloromethylation of aromatic hydrocarbons
CONCLUSIONS
In summary, the catalytic system (ZnCl 2 /AcOH/H 2 SO 4 /PEG-800) has been proven to be an effective promoter for the chloromethylation of aromatic hydrocarbons. The chloromethyl acid complex consisting of a certain concentration of sulphuric acid and acetic acid in a peculiar volume ratio for the chloromethylation is the first glittery point in our paper, which can be use efficiently for the chloromethylation of various aromatic hydrocarbons by changing the concentration of sulfuric acid and the volume ratio of sulfuric acid and acetic acid. This procedure not only enhanced the yield, but also the selectivity for para-chloromethylated product could almost be improved by 5~15% contrast to other procedures catalyzed by lewis acids, ionic liquids, rare-earth metal triflates, etc 4-21 , whose selectivity for para-isomer were usually 70~82%. Another glittery point was that we have developed an inexpensive, old but new, efficient, and convenient chloromethylation procedure catalyzed by ZnCl 2 /AcOH/H 2 SO 4 /PEG-800 in aqueous media under PTC conditions, the present method has many obvious advantages compared to previous methods, such as easy product isolation, simple methodology, the excellent yield, generality, and the excellent recyclability of the catalytic system, etc, though it is not satisfied for the chloromethylation of desactivating aromatic hydrocarbons such as benzoic acid and chlorobenzene.
Judging from the conditions employed, this chloromethylation method showed has great prospects in industrial applications. Further aspects of the catalysis, the application to organic synthesis, and practical chemical processes are under investigation.
EXPERIMENTAL Apparatus and reagents
All chemicals were obtained commercially and used without further purification. The target products were characterized by Elemental analysis, 1 H NMR, or compared with their authentic samples. 1 H NMR spectra were recorded on a Bruker 400 MHz spectrometer using CDCl 3 as the solvent with tetramethylsilane (TMS) as an internal standard. High performance liquid chromatography (HPLC) experiments were performed on a liquid chromatograph (Dionex Softron GmbH, America), consisting of a pump (P680) and ultraviolet-visible light detector (UVD) system (170U). The experiments were performed on Diacovery C18 column, ø 4.6×150 mm. Elemental analysis were performed on a Vario EL III instrument (Elmentar Anlalysensy Teme GmbH, Germany).
Typical procedure of chloromethylation using toluene as an example A 250 mL three-necked flask was loaded with toluene (9.2 g, 0.1 mol), paraformaldehyde (3.15 g, 0.105 mol), ZnCl 2 (13.6 g, 0.1 mol), 50%H 2 SO 4 (60 mL), AcOH (30 mL) and PEG-800 (4 g, 5 mmol). Hydrogen chloride gas was bubbled into the flask at the flow rate of 10 mL/min. The reaction mixture was stirred at 50 °C for 8 h, the reaction progress was monitored by HPLC. After the reaction, the reaction mixture was cooled to room temperature and extracted with methylene chloride (3×10 mL). The organic phases were combined and rinsed with 50% NaHCO 3 solution (3×10 mL ) and water (2×10 mL), then dried with sodium sulfate, filtered, and evaporated to dryness in vacuo, and the organic residue was resolved in methylene chloride and analyzed by HPLC. Each product was separated by silica-gel column chromatography, then the solvent was removed under vacuum to give the desired product. The next run was performed under identical reaction conditions. 
